Previous studies have shown that cell cycle proteins such as retinoblastoma protein (pRB) are essential for cell cycle withdrawal in differentiating lens cells. However, little is known about which factors are critical for cell cycle control in the lens epithelial cells. Here we use the K14 promoter to direct expression of E6 and E7, oncogenes from human papillomavirus type 16, which are known to bind and inactivate p53 and pRB, as molecular tools to study cell cycle regulation in the lens epithelium of transgenic mice. Expression of either gene resulted in increased proliferation and apoptosis, and in the case of E6, a unique epithelial phenotype characterized by multilayering and intercellular vacuoles was observed. Lenses from mice expressing E7 mutants, which are defective in inactivating pRB proteins, were normal and the lens phenotype in the E6 mice was p53-independent. Thus, cell proliferation in the lens epithelium is controlled by multiple factors including, but not necessarily limited to, the pRB family. q
Introduction
During normal development, precise regulation of cell proliferation is essential. At various times cells must remain quiescent, proliferate, or withdraw permanently from the cell cycle as they differentiate. Previous work has determined that the retinoblastoma protein (pRb) is important in certain differentiating cells in the mouse embryo (Clarke et al., 1992; Jacks et al., 1992; Lee et al., 1992; Morgenbesser et al., 1994) . However, how proliferation is regulated in undifferentiated cells is less well understood. In this study we examine the consequences of the expression of viral oncogenes, that are known for their abilities to disrupt cell cycle control, on the regulation of proliferation in the epithelial cells of the ocular lens.
Lens development begins at embryonic stages with the formation of a hollow ball comprised of epithelial cells. Cells from the posterior then undergo a differentiation process in which they elongate and fill the interior. This process is marked by withdrawal from the cell cycle, elongation, cytoskeletal changes, loss of all membrane bound organelles, and production of crystallin proteins. These cells are the primary fiber cells and form the nucleus of the lens. Primary fiber formation is followed by a similar process called secondary fiber formation. In secondary fiber formation, cells from the anterior epithelium, which have the capacity to divide, migrate and differentiate, and become the source from which fiber cells are derived. Secondary fiber formation occurs throughout the life of an organism, albeit at a slower rate as the animal ages, due at least in part to the slower rate of proliferation in the epithelium (Piatigorsky, 1981) .
The lens is divided into two compartments, the anterior epithelium and the fiber cell compartment. In the postnatal mouse, cells within the anterior monolayer epithelium are found in different proliferative states dependent on their positions relative to other ocular tissues. Cells that reside in the central region of the epithelium are quiescent, but have the capacity to reenter the cell cycle. Peripheral to these cells are cells that are actively proliferating. Finally the cells in the epithelium that are in the equatorial region of the lens have undergone cell cycle arrest and are actively differentiating. Terminally differentiated fiber cells in the fiber cell compartment comprise the remaining bulk of the lens (Zelenka et al., 1997) . Although the lens is a relatively simple structure, the molecular mechanisms that maintain the cellular states of quiescence and proliferation in the epithelium and regulate the process of differentiation are poorly understood.
Because cell cycle regulation appeared to be an integral part of differentiation, obvious candidates for molecular regulators of lens development are those proteins that also control cell cycle in vitro such as pRB and pRB family members. To assess the role of the pRB family in regulating cell cycle withdrawal during lens cell differentiation, we expressed E7, a dominant repressor of pRB from the human papillomavirus type 16 (HPV16), under a lens specific promoter, the aAcrystallin (aAcry) promoter. Expression of E7 led to failure of cells to withdraw from the cell cycle and differentiate (Pan and Griep, 1994) . Ultimately, cells underwent apoptosis (Pan and Griep, 1995) . This phenotype was dependent on E7's ability to bind pRB proteins as transgenic mice expressing a mutant form of E7, E7
DDLYC
, that fails to bind and inactivate pRB and pRB-like proteins, had no phenotype (Pan and Griep, 1994) . Corroborating evidence for the role of pRB in lens development is found in the studies of Rb knockout mice from Morgenbesser et al. (1994) and transgenic mice expressing a truncated SV40 T-antigen, which binds pRB proteins, in the lens (Fromm et al., 1994) . These genetic manipulations resulted in similar phenotypes to that seen in lenses of aAcryHPV16E7 WT mice. Many studies, both in vitro and in vivo, have shown that E6 has the known function of binding and degrading p53 (Hubbert et al., 1992; Mansur and Androphy, 1993; Scheffner et al., 1993) . E6 expression in the lens under the aAcry promoter led to increased numbers of nuclei in the fiber cell compartment. However, no evidence for increased proliferation was observed. Further investigation showed that the lens fiber cells failed to denucleate, which is a necessary step in lens cell terminal differentiation. Interestingly, this effect of E6 was found to be p53-independent (Pan and Griep, 1994) .
Transgenic mice expressing E6 or E7 under the human keratin 14 promoter (K14) originally were generated to assess the role of these viral proteins in carcinogenesis (Herber et al., 1996; Song et al., 1999) . In K14HPV16E6 WT or K14HPV16E7
WT mice, expression of E6 or E7 resulted in hyperplasia and skin tumors (Herber et al., 1996; Song et al., 1999) . Effects of E7 were dependent on binding and degradation of pRB and/or pRB-like proteins as the mutants of E7, which are defective in these activities, lacked a skin phenotype when expressed from the K14 promoter (Gulliver et al., 1997) . Additionally, the ability of E6 to promote cell proliferation was found to be p53-independent as E6; p53-null mice display a phenotype, but p53-null mice do not (Song et al., 1999) .
Interestingly, K14HPV16E6 WT and K14HPV16E7 WT transgenic mice also displayed cataracts (Song et al., 1999) . The K14 promoter directs expression to the basal cells in many stratified squamous epithelia such as those of skin, tongue, upper digestive tract, and forestomach of transgenic mice (Vassar et al., 1989; Herber et al., 1996) . We reasoned that Fig. 1 . In situ hybridization analysis of transgene mRNA expression in mouse eyes. Paraffin sections of eyes from P10 non-transgenic (A); P10 K14HPV16E6 WT (B); P10 K14HPV16E7 WT (C); and P10 K14HPV16E7 DDLYC (D) were hybridized to [a-35 S]UTP labeled antisense riboprobe derived from pABE7, dipped in emulsion, exposed for 14 days, processed and viewed under dark-field microscopy. c, cornea; e, epithelium; f, fiber cells. In all panels the anterior of the lens is oriented at the top. Bar: 500 mM. the cataracts seen in these mice might be a result of E6 or E7 expression in the epithelium of the lens. In this study, we show that E6 and E7, under the control of the K14 promoter, are expressed in the lens epithelium and differentiating cells of the transition zone. In the case of K14HPV16E7 WT mice we show that E7 expression was associated with hyperproliferation. The mechanism by which this occurs is through E7's interaction with pRB and pRB family members. We further show that E6 expression also resulted in increased proliferation and unique changes in the epithelium, which include multilayering and formation of intercellular vacuoles, which is suggestive of disruption of cell-cell adhesion. Thus, cell proliferation in the epithelial cells of the lens is controlled by multiple factors including, but not necessarily limited to, the pRB family.
Results

Expression of E6 and E7 under the K14 promoter in the lens
Although there had been no documented evidence of K14 expression in the lens, K14HPV16E6
WT and K14HPV16E7 WT mice displayed cataracts (Herber et al., 1996; Song et al., 1999) . To determine if E6 and E7 were expressed in the lens, and if so, where, we carried out in situ hybridization experiments using a cRNA probe specific to the E6/E7 transcript on eye sections from transgenic mice of varying ages. Transgene expression was not detected in lenses from prenatal mice (data not shown). The first detection of E6/ E7 transcripts in lenses of the K14 transgenic mice was seen in the lenses of K14HPV16E6
WT neonates, specifically in the transition zone (data not shown). In situ hybridization of P10 lenses from K14HPV16E6 WT mice show E6 transgene expression throughout the epithelium (Fig. 1B) . This pattern of expression can be detected at P6 and persisted until at least P20 (data not shown). At P10, E7 expression in the lenses of K14HPV16E7 WT mice was similar to that of E6 (Fig. 1C) . The pattern of E7 expression also persisted until at least P20 (data not shown). The level of transgene expression in K14HPV16E7
WT lenses used in this study is much lower than that of K14HPV16E6 WT because K14HPV16E7 WT transgenic lines with high levels of expression could not be maintained due to early postnatal lethality (Herber et al., 1996) . At P10, expression of the mutant E7 in K14HPV16E7 DDLYC (Fig. 1D ) and K14HPV16E7
DPTLHE
(data not shown), which are unable to bind and degrade pRB proteins, respectively, was either comparable or higher than that of K14HPV16E7 WT . In addition, E6, E7, and mutant E7 expression was also seen in the cornea at neonatal stage through P20 (Fig. 1B,D , data not shown), however, no abnormalities were seen in the cornea. Thus, the K14 promoter cassette, at least in the context of the HPV16E6/ E7 transgene, directs expression to the lens epithelium during postnatal times in addition to directing expression to the basal layer of the epidermis and other stratified squamous epithelia. The presence of E6 and E7 transcripts in the lens strongly suggests that E6 or E7 is playing a role in inducing cataracts in these mice. WT lenses showed that at P6 the lens appeared normal (Fig. 2B ), but by P10 increased numbers of nuclei were detected in the transition zone and posterior regions of the lens (Fig. 2C) . By P15, the fiber cells have become highly disorganized and the epithelium appeared disordered (Fig. 2D) . The epithelium, which normally consists of a monolayer of cuboidal cells, was multilayered and vacuolated by P21 (data not shown). The center of the lens appeared normal, consistent with the fact that these cells had differentiated before E6 expression began (Fig. 2B,C ). Only at later times did these cells appear abnormal; most likely a secondary consequence of E6 activity in the epithelium and newly differentiating cells (Fig. 2D) . Song et al. (1999) observed that K14HPV16E6
WT ; p53-null mice had cataracts. In addition, a histological comparison of lenses from K14HPV16E6
WT ; p53-null and K14HPV16E6 WT ; p53-sufficient mice showed that these lenses were indistinguishable (data not shown) indicating that these lens defects were a result of an E6 p53-independent mechanism.
To better assess the defects in the epithelium, we used transmission electron microscopy (TEM) to examine the ultrastructure of lenses from P23 K14HPV16E6 WT mice. TEM showed that the epithelium was disorganized and multilayered ( Fig. 3B ). In addition, the vacuoles present were intercellular rather than intracellular (Fig. 3D ). These data indicate that the expression of E6 under the K14 promoter has resulted in increased number of nucleated cells in both the fiber cell compartment and epithelium of the lens. That the epithelium is disorganized and that the vacuoles are intercellular rather than intracellular suggests that one effect of E6 expression may be a disruption of normal cell-cell adhesion.
K14HPV16E7 mice
To determine the cellular basis for cataracts in K14HPV16E7 WT mice, light microscopic analysis was carried out on lenses from mice of varying ages. At the times examined, K14HPV16E7
WT lenses were slightly smaller than non-transgenic lenses. Histologically, lenses from K14HPV16E7
WT appeared normal at P5 (Fig. 4A ). However, by P10, there was an increased number of nuclei in the epithelium and in the posterior region of the lens (Fig.  4B ). At P15, the numbers of nuclei were further increased ( Fig. 4C) . Again, the center of the lens was normal, consistent with the activation of E7 expression postnatally.
Transgenic mice from lines expressing E7 mutants that abrogate E7's binding to and inactivation of pRB family members were also examined. Lenses from K14HPV16E7 WT (B, D; bar: 5 mM) mice. Eyes from P23 animals were removed and fixed for 1-2 h in 2.5% gluteraldehyde in 0.7 M NaCac, pH 7.4 and processed and imaged as described (see Experimental procedures). Non-transgenic lenses were imaged at 1400 £ magnification and K14HPV16E6
WT lenses are at 3000 £ magnification. Inset boxes indicate areas of greater magnification. Arrows indicate cell membranes.
DDLYC and K14HPV16E7
DPTLHE did not display cataracts and were of normal size. A histological examination confirmed that the lenses from these mice were normal (Fig. 4D ). These data indicate that the phenotype caused by E7 expression is dependent on inactivation of pRB and pRB family members, suggesting that the pRB family members must be functional to maintain proper control of proliferation in the epithelium.
Effect of E6 and E7 on cell cycle
E6 and E7 are known to cause hyperproliferation in the epidermis of K14HPV16E6
WT and K14HPV16E7 WT transgenic mice. Histological examination of K14HPV16E6 WT and K14HPV16E7
WT lenses showed an increased number of nuclei in the fiber cell compartment and epithelium, suggesting that E6 and E7 might have effects on cell proliferation similar to that observed in the epidermis. To determine if the greater number of nuclei in the fiber cell compartments of K14HPV16E6 WT and K14HPV16E7
WT was the result of increased proliferation, we performed BrdU incorporation assays on lenses from animals of varying postnatal ages.
K14HPV16E6
WT mice In lenses from non-transgenic mice, proliferation is normally restricted to the germinative zones in the epithelium as shown in Fig. 5A . In lenses from K14HPV16E6
WT , as early as P4, BrdU postitive cells could occasionally be seen in the transition zone (data not shown). By P6, BrdU positive cells were consistently observed in the transition zone (Fig. 5B) . In addition to positive cells in the transition zone, an increased number of BrdU positive cells (8.1% versus 3.7%) were observed throughout the epithelium by P10 (Fig. 5C ). The increased numbers of BrdU positive cells in the epithelium were evident until at least P20. Immunohistochemical detection for histone H3, a marker for mitosis, confirmed that these cells were actively dividing and not just entering S phase (data not shown). These data indicate that the increased numbers of nuclei are a result of hyperproliferation throughout the epithelium and transition zone.
K14HPV16E7 mice
In the K14HPV16E7 WT , increased numbers of BrdU positive cells were observed throughout the epithelium at P5 and an occasional BrdU positive cell was observed in the transition zone (Fig. 5D ). In lenses from P10 K14HPV16E7 WT mice, increased numbers of BrdU positive cells were observed in the epithelium (14% versus 3.7%) and in the fiber cell compartment (Fig. 5E) . By day P15, BrdU positive nuclei were also present in the posterior of the lens (data not shown). The presence of increased numbers of BrdU positive cells persisted until at least P20 (data not shown). Increased numbers BrdU positive cells were not observed in the epithelium or fiber cell compartment in lenses from K14HPV16E7 DDLYC (Fig. 5F ) or K14HPV16E7 DPTLHE (data not shown). Therefore, we conclude that the E7-induced hyperproliferation and failure to withdraw from the cell cycle accounts for the observed increased numbers of nuclei and that this activity of E7 is dependent on its ability to bind and degrade pRB proteins.
Effect of E6 and E7 on apoptosis
Apoptosis is associated with the forced proliferation of lens cells that normally are postmitotic due to inactivation of pRB (Fromm et al., 1994; Morgenbesser et al., 1994; Pan and Griep, 1995) . In lenses of K14HPV16E6 WT or K14HPV16E7
WT there was increased proliferation in the epithelium and proliferation within the fiber cell compartment. To determine if this increased proliferation resulted in apoptosis in the K14HPV16E6 WT WT mice at P6, coinciding with the time when BrdU positive cells were first detected in the transition zone (data not shown). By P10, a large number of TUNEL positive cells were observed in the fiber cell compartment and a few TUNEL positive cells were present in the epithelium (Fig. 6B) . In the P15 lenses, increased numbers of TUNEL positive nuclei were observed in the fiber cell compartment (Fig. 6C) . These data indicate that expression of E6 in the epithelium and transition zone leads to apoptosis; primarily in the fiber cell compartment.
K14HPV16E7 mice
TUNEL positive cells were present at low numbers in the epithelium of K14HPV16E7 WT mice at P5 (Fig. 6D) . By P10, the number of TUNEL positive cells was increased and TUNEL positive cells were observed in the transition zone (Fig. 6E) . The region of TUNEL positive cells was expanded posteriorly by P15 (data not shown), coincident with the region containing increased numbers of BrdU posi- tive nuclei. TUNEL analysis from K14HPV16E7 DDLYC (Fig.  6F ) and K14HPV16E7 DPTLHE (data not shown) mice showed that lenses from these mice did not have an increased number or inappropriate distribution of apoptotic cells as compared to non-transgenic lenses. These data indicate that E7 expression in the epithelium and transition zone leads to apoptosis; primarily in cells residing posteriorly in the fiber cell compartment.
Effect of E6 and E7 on expression of differentiation specific markers
Lens fiber cell differentiation begins with withdrawal of the cell from the cell cycle and the upregulation of differentiation specific genes. From the BrdU analysis, it was learned that cells in both K14HPV16E6
WT and K14HPV16E7
WT lenses fail to exit the cell cycle appropriately. To determine how this failure affected the ability of these cells to undergo differentiation, we examined the expression pattern of two lens fiber cell differentiation markers, p57 KIP2 and b-crystallin, by in situ hybridization and immunohistochemistry, respectively. p57 KIP2 is a cyclin dependent kinase inhibitor which has been demonstrated to be critical in control of lens cell differentiation (Zhang et al., 1997) . In normal lenses, upregulation of p57 KIP2 is found in the transition zone and is concomitant with the withdrawal of cells from the cell cycle and onset of differentiation (Lovicu and McAvoy, 1999) . b-Crystallins are normally first expressed just as Fig. 6 . In situ detection of apoptosis in lenses of K14HPV16E6 WT WT mice appeared to be upregulated normally, however, the region of expression was expanded posteriorly suggesting these cells have a delayed downregulation of p57 KIP2 (Fig. 7B ). In the lens of non-transgenic mice, b-crystallin was most strongly expressed in cells that are newly differentiating and can be seen at lower levels of expression throughout the fiber cell compartment of the lens (Fig. 8A) . Immunohistochemical analysis of b-crystallin protein expression in K14HPV16E6 WT lenses showed that expression in early postnatal days (P6) appeared normal (data not shown). At P10, b-crystallin expression was reduced in the transition zone as compared to non-transgenic lenses, but remained relatively strong in the interior of the lens (Fig. 8B) . By P15, b-crystallin expression was severely decreased or absent from the presumptive transition zone (Fig. 8C) . b-Crystallin expression in the interior of the fiber cell compartment was similar to that of non-transgenic controls, presumably because these cells had differentiated before the onset of E6 expression. These results indicate that the expression of E6 compromises the ability of lens cells to undergo a proper program of fiber cell differentiation. Furthermore, they suggest that E6 must act downstream of upregulation in p57 KIP2 and does not interfere with a cell's initial response to a differentiation signal.
K14HPV16E7
WT mice In lenses from K14HPV16E7 WT mice at P5, p57 KIP2 expression appeared normal. However, by P10 the area of p57 KIP2 expression was expanded posteriorly, as in the case of K14HPV16E6
WT P10 lenses (Fig. 7C) . The b-crystallin expression pattern appeared relatively normal in lenses from the K14HPV16E7 WT mice through P10 (Fig. 8D) . By P20, b-crystallin expression was similar to that of P15 K14HPV16E6
WT where little or no b-crystallin expression was observed in the presumptive transition zone and the posterior of lens, where strong expression was still observed in the interior of lens (Fig. 8E ). At these later ages (P15, P20), the region of low b-crystallin expression overlaps the area in which proliferating cells were detected in the fiber cell compartment. p57 KIP2 and b-crystallin expression in the lenses of both K14HPV16E7 mutants were indistinguishable from non-transgenic lenses at all stages examined (Figs. 7D and 8F ). Therefore, E7 activity, dependent on S]UTP labeled antisense riboprobe derived from pBS-mp57, dipped in emulsion, exposed for 14 days, processed and viewed under dark-field microscopy. c, cornea; e, epithelium; f, fiber cells; r, retina. In all panels the anterior of the lens is oriented at the top. Bar: 500 mM.
those domains that bind and inactivate pRB proteins, interferes with proper upregulation of b-crystallin but not initial upregulation of p57 KIP2 . These results indicate that, similar to that of E6 expression, E7 expression inhibits the ability of lens cells to properly differentiate at the point downstream of an initial differentiation signal.
Discussion
Previous studies have shown that cell cycle proteins such as pRB are essential in normal lens development (Fromm et al., 1994; Morgenbesser et al., 1994; Pan and Griep, 1994) . These studies have focused on the differentiated cells of the fiber cell compartment and consequently, little is known about which factors are critical for cell cycle control in the cells of the epithelium. We have shown that the K14 promoter has the ability to direct expression of E6/E7 to the lens epithelium. Expression of either E6 or E7 resulted in increased proliferation and apoptosis in both the epithelium and fiber cell compartments of the lens; and in the case of E6, multilayering and formation of intercellular vacuoles were also observed in the epithelium. We have demonstrated that the effects of E7 in the epithelium are a result of E7's inactivation of pRB and/or pRB family members. However, the mechanism by which E6 induces proliferation in the epithelium and transition zones, although not p53-dependent, remains unclear. That both K14HPV16E6 WT and K14HPV16E7
WT have lens defects and that E6 and E7 have been shown to have different cellular functions, WT (E); and P15 K14HPV16E7 DDLYC (F) were incubated with b-crystallin rabbit antibody to b-crystallins. Secondary antibody conjugated to FITC was used to visualize expression. c, cornea; e, epithelium; f, fiber cells; r, retina. In all panels the anterior is oriented at the top. Bar: 100 mM.
suggest that there are multiple levels of cell cycle control within the lens epithelium.
K14 promoter directs expression of linked genes to lens epithelial cells
In this study, we demonstrated that the K14 promoter cassette directed expression of E6 and E7 to the epithelium and transition zone of the lens. This result was surprising because there was no prior evidence of the K14 promoter directing expression to the lens. It is not clear how the K14 promoter is able to direct expression to the lens because K14 is not detectable in the lens. It is possible that the endogenous promoter may contain elements that repress expression in the lens and these sequences are not contained within the 2.5 kb promoter fragment in this vector (Vassar et al., 1989) . Since the lens is derived from the overlying ectoderm (Piatigorsky, 1981) , which also forms the epidermis, it is not unreasonable that the K14 promoter might direct expression to the lens if a repressor element is removed from K14's upstream regulatory region. Alternatively, it is possible that the E6/E7 sequence may contain enhancer elements that activate expression in the lens in conjunction with the K14 promoter. This latter hypothesis is being tested presently.
In studies of lens development that used transgenic mice as the model, crystallin promoters typically are used to direct lens specific expression of transgenes. These promoters, however, generally drive expression in the differentiated cells (fiber cells) of the lens (Fromm et al., 1994; Pan and Griep, 1994; Stolen and Griep, 2000) . Because epithelial specific promoters are just in the process of being developed and characterized at this time, there have been very few studies where transgene expression was directed to the epithelium. That the K14 promoter can direct expression to the lens epithelium suggests that it might be a useful tool to study the effects of epithelial transgene expression specifically on postnatal events such as secondary fiber formation. Since K14 drives expression in the lenses of postnatal animals, primary fiber formation should remain unaffected. This would eliminate the possibility that epithelial defects might be secondary due to disrupted primary fiber differentiation.
Functional pRB Proteins are required for the lens phenotype seen in K14HPV16E7 mice
In this study, we show that E7 expression is capable of overriding cell cycle control in cells that are in different states of proliferation, differentiation, and quiescence. The ability of E7 to disrupt cell cycle control in the lens is dependent on the pRB binding and degradation domains of E7, CR1 and CR2, indicating that interaction between E7 and pRB proteins is necessary for the activity of E7. Because these E7 mutants abrogate E7's interaction with all three pRB proteins, it is not clear which are targeted by E7 in the lens epithelium. Previous analysis of mice carrying germline mutations in individual pRB family members or p107 and p130 have shown that pRB proteins have shared as well as distinct roles in cell differentiation and proliferation (Clarke et al., 1992; Jacks et al., 1992; Lee et al., 1992; Cobrinik et al., 1996; Lee et al., 1996; RobanusMaandag et al., 1998) . However, none of these studies reported defects in cell cycle control in lens epithelial cells. Recent studies using mouse embryo fibroblasts show that loss of function of all three pRB family members is necessary to abrogate G 1 checkpoint controls and results in immortalization (Dannenberg et al., 2000; Sage et al., 2000) . These studies suggest that perhaps inactivation of all pRB family members may be required to deregulate cell cycle control in proliferating cells. Given these data, we suggest that in the lens epithelium, E7 targets pRB as well as p107 and/or p130. The results of our study and studies on the epidermis in K14HPV16E7 WT mice (Herber et al., 1996; Gulliver et al., 1997) provide some of the first examples in vivo that multiple pRB factors are required to control cell proliferation in relatively undifferentiated cells. More studies need to be done to identify which pRB family members are required to maintain cell cycle control in the lens epithelium.
The K14HPV16E7 lens phenotype was similar to that of aAcryHPV16E7 lens in which E7 was expressed in the differentiating fiber cells. In both cases, increased proliferation and apoptosis were observed. aAcryHPV16E7 effects due to E7's pRB binding activity were sufficient to disrupt the cell cycle in fiber cells (Pan and Griep, 1994) . This is supported by the Rb-null lens phenotype that is similar to that of aAcryHPV16E7 (Morgenbesser et al., 1994) . Together, the K14HPV16E7 and aAcryHPV16E7 data indicate that pRB and pRB-family members are important in the maintenance of cell cycle control in both the epithelium and the fiber cell compartment.
Significant levels of apoptosis were observed in the fiber cell compartment and low levels in the epithelium. That levels of apoptosis differed between the epithelium and fiber cell compartments suggest that susceptibility to apoptosis may be dependent on the state of the cell. Epithelial cells are normally capable of proliferating, whereas fiber cells are not (Zelenka et al., 1997) . Another possibility is that environment may also play a role. Cells in the epithelium may be more resistant to apoptosis because they are attached to the capsule and/or are exposed to survival factors which are not found at sufficient levels or are absent in the fiber cell compartment (McAvoy and Chamberlain, 1989; Stolen et al., 1997) .
In addition to inhibition of cell cycle withdrawal, differentiation was disrupted when E7 was expressed. This was evident by abnormal morphology and the changes in the spatial patterns of expression of differentiation markers in the lens. The expanded expression of p57 KIP2 in K14HPV16E7 WT indicates that p57 KIP2 expression is not downregulated properly. b-Crystallin expression is moderately downregulated in the transition zone of
K14HPV16E7
WT lenses, suggesting that these cells are unable to progress properly through differentiation. This is consistent with the observed delay in p57 KIP2 downregulation. This suggests that pRb and/or pRb family members are necessary for progression through lens cell differentiation.
E6 expression leads to proliferation and loss of epithelial integrity
Because of the difference in epithelial phenotypes between E6 and E7, the mechanism through which E6 disrupts cell cycle control is likely distinct from that of E7. Additionally, there is no documented evidence of E6 interaction with pRB or pRB family members, so it is unlikely that E6 is affecting the cell cycle at the same point at which E7 does. One possibility is that E6 may be acting upstream of the same or similar pathway that ultimately regulates activity of cell cycle regulatory proteins such as pRB, cyclins, and cyclin dependent kinases. Alternatively, E6 may act in a parallel pathway to the pRB pathway.
E6 is known to bind and degrade p53 (Scheffner et al., 1990; Hubbert et al., 1992) , however, it has been shown that these effects of K14HPV16E6 in the lens are p53-independent (Song et al., 1999) . Other studies of E6 have also shown that E6 has the capacity to induce p53-independent proliferation (Chen et al., 1995; Kiyono et al., 1997; Gao et al., 1999; Nakagawa and Huibregtse, 2000) . Recently, E6 has been found to bind several other cellular proteins and its binding to these cellular proteins has been shown to contribute to E6's ability to transform cells in culture. Among these cellular proteins are E6-AP, an E3 ubiquitin-ligase necessary for degradation of p53 (Scheffner et al, 1993) ; E6-BP, a calcium binding protein (Chen et al, 1995) ; E6-TP, a GTPase like protein (Gao et al., 1999) ; paxillin, a cytoskeletal protein (Tong, 1997; Vande Pol et al., 1998) , and a number of homologs of Drosophila PDZ domain containing tumor suppressor proteins (Kiyono et al., 1997; Nakagawa and Huibregtse, 2000) . Interestingly, Drosophila studies show that the phenotype of some of the mutants of these PDZ domain containing proteins is strikingly similar to that seen in the K14HPV16E6
WT lens epithelium (Goode and Perrimon, 1997; Bilder et al., 2000) . These studies may provide clues to E6's activity in the lens epithelium.
Whereas E7 causes similar effects in the epithelium and fiber cells, E6 does not. Under the aAcry promoter, which expresses in the fiber cells, the main defect in E6 expressing cells was failure of fiber cells to denucleate, while in K14HPV16E6 lens, the defects included deregulation of cell proliferation in both proliferating and postmitotic cells. Since the two compartments of the lens consist of cells that are in different cellular states, it implies that the activity of E6 is dependent on a cell's state of differentiation. This result also suggests that E6 may target different proteins in different compartments of the lens. To date, the mechanism by which E6 acts in both the epithelium and the fiber cells remains unclear. As with E7, studies of transgenic mice expressing mutant forms of E6 defective for binding subsets of known E6 binding proteins would help identify factors that are important in the maintenance of cellular states in the lens epithelium and the transition from proliferating to differentiating cell.
In summary, we have shown that expression of inhibitors of tumor suppressor function, E6 and E7, in the lens epithelium results in deregulation of cell cycle control, which is critical for normal differentiation and development. We have shown that although the lens phenotypes of K14HPV16E6 WT and K14HPV16E7 WT are similar, there are significant differences. These differences suggest that there are multiple levels of cell cycle regulation that are important in maintaining proper cell cycle states within the epithelium, one of which is dependent on the pRB pathway. We have demonstrated that the inactivation of multiple pRB proteins is likely necessary for disruption of G 1 controls in epithelial cells of the lens. However, specifically which pRB proteins are necessary remains to be determined. Another level of cell cycle control in the epithelium may rely on an entirely different pathway and recent studies have provided several interesting possibilities. Determining the identity of these other pathways and the mechanisms through which they affect cell cycle control in epithelial cells of the lens will be important directions for further investigation.
Experimental procedures
Transgenic mice
The following transgenic mice were obtained from P.L. Lambert (University of Wisconsin, Madison, WI, USA): K14HPV16E6 WT (lines 5737 and 5743) (Song et al., 1999) , K14HPV16E7
WT (line 2304) (Herber et al., 1996) , K14HPV16E7 DDLYC (line 2948) (Gulliver et al., 1997) , or K14HPV16E7 DPTLHE (line 5205) (Gulliver et al., 1997) . The E7 mutants E7 DPTLHE and E7 DDLYC have deletions in the conserved region 1 (CR1) and conserved region 2 (CR2), respectively. These domains are necessary for pRB binding (CR2) and degradation (CR1). Mice were genotyped by polymerase chain reaction (PCR) analysis on tail DNA as described previously (Pan and Griep, 1994) . Animals were staged by designating the day of birth as neonate (neo) and subsequent days as P1, P2, etc.
Histological analysis
Eyes from non-transgenic and transgenic animals were fixed in 10% buffered formalin overnight at 48C, transferred to phosphate-buffered saline (PBS), dehydrated in increasing concentrations of ethanol, and embedded in paraffin. Sections (5 mM) were cut, stained with hematoxylin and eosin, and viewed by light microscopy or used for in situ hybridization and immunohistochemical analyses (see below).
Transmission electron microscopy
Eyes from P23 non-transgenic and K14HPV16E6 WT animals were fixed in 2.5% glutaraldehyde in 0.7 M NaCac, pH 7.4 for 1-2 h. Lens samples were then fixed in 2% glutaraldehyde; 2% paraformaldehyde in 0.1 M sodium phosphate buffer pH 7.4, postfixed in 2% osmium sulfate in 0.1 M sodium phosphate buffer pH 7.4, and dehydrated through a series of graded ethanols. Samples were then infiltrated and embedded in 1:1 mixture of Spurr's/ EMbed812 and 70-90 nm sections were cut on ReichertJung Ultracut E. Sections were poststained in lead citrate uranyl acetate and viewed on a Philips CM120 transmission electron microscope at 80 kV.
In situ hybridization
In situ hybridizations were performed as described previously (Pan and Griep, 1995) . Briefly, eyes from nontransgenic and transgenic animals from neonate through P21 were fixed, embedded, and sectioned as described above. Probes for E6/E7 RNA were made using pABE7 plasmid in which the sequence for HPV16E7 was subcloned into pGEMI. pABE7 was linearized with EcoRI or HindIII to generate sense and antisense [a- 35 S]UTP-labeled riboprobes, respectively. Probe to p57 KIP2 RNA was derived from the pBS-mp57 plasmid (provided by P. Zhang, Baylor). pBS-mp57 was digested using either NotI or KpnI to generate sense and antisense [a-35 S]UTP-labeled riboprobes, respectively (Boeringer Mannheim or Ambion Inc.). Hybridized sections were exposed to Kodak NTB-2 emulsion in the dark for 7-21 days before developing. After developing, the sections were counterstained with 0.2% Toluidine Blue, mounted and viewed under bright-and dark-field illumination.
In situ detection of apoptosis and proliferation
For apoptosis assays, eyes from postnatal animals were fixed, embedded in paraffin, and sectioned as described above. The sections were then prepared and subjected to TUNEL analysis using ApopTagw Plus Fluorescein In Situ Apoptosis Detection Kit (Intergen Co.) according to manufacturer's instructions, counterstained with propidium iodide, and viewed under UV light with fluorescein isothiocyanate (FITC) and rhodamine filters.
For DNA synthesis studies, mice were injected with a solution of 100 mg bromodeoxyuridine (BrdU)/6.7 mg fluorodeoxyuridine (FrdU) per gram body weight 1 h prior to sacrifice, eyes were removed, fixed, embedded, and sectioned as described above. Cells that had incorporated BrdU were identified immunohistochemically using a primary antibody to BrdU from Oncogene Sciences. BrdU-positive cells were visualized using diaminobenzine (DAB). Sections were then counterstained with hematoxylin, mounted, and viewed by bright-field microscopy.
In situ detection of b -crystallins
For detection of b-crystallins, eyes from postnatal animals were fixed, embedded, and sectioned as described above. Sections were blocked in blocking solution (10% goat serum, 1% bovine serum albumin (BSA) 16% fetal bovine serum (FBS), 0.05% Tween-20). Sections were then incubated at 48C overnight with a 1:300 dilution of rabbit anti-b-crystallin antibody (obtained from D. Carper, NEI) in 1% BSA/PBS. Sections were washed with PBS and incubated with 1:200 dilution FITC conjugated anti-rabbit IgG in 1% BSA/PBS for 2 h at room temperature. Finally, sections were washed in PBS and mounted in 50% glycerol/ PBS/0.4% propylgallate. Lens sections were viewed using UV microscopy with FITC filter.
